Farming systems frameworks such as the Agricultural Production Systems simulator (APSIM) represent fluxes through the soil, plant and atmosphere of the system well, but do not generally consider the biotic constraints that function within the system. We designed a method that allowed population models built in DYMEX to interact with APSIM. The simulator engine component of the DYMEX population-modelling platform was wrapped within an APSIM module allowing it to get and set variable values in other APSIM models running in the simulation. A rust model developed in DYMEX is used to demonstrate how the developing rust population reduces the crop's green leaf area. The success of the linking process is seen in the interaction of the two models and how changes in rust population on the crop's leaves feedback to the APSIM crop modifying the growth and development of the crop's leaf area. This linking of population models to simulate pest populations and biophysical models to simulate crop growth and development increases the complexity of the simulation, but provides a tool to investigate biotic constraints within farming systems and further moves APSIM towards being an agro-ecological framework.
Introduction
Crop simulation modelling has progressed from specific crop or soil models, to linked crop and soil models, to the farming systems models that are common today (Moore et al., in this issue) . This paper uses developments in the Agricultural Production Systems simulator (APSIM) Keating et al., 2003) to present a case for linking a population modelling framework to a farming systems modelling framework. The combination enables the interaction of biotic constraints and the cropping system to be studied. However, this increased capability also increases complexity.
Farming systems models like APSIM, are better described as frameworks, because their software development allows the interconnection of the biophysical and management models to simulate processes within the farming system . Many of the new developments within the APSIM framework have been facilitated by the adoption of a Common Modelling Protocol (CMP) (Moore et al., 2007) that has simplified the integration of components from other modelling tools. This work has enabled APSIM, a predominantly cropping model, to be combined with more complex grazing, pasture ) and animal models to more accurately represent the typical enterprises within a farming system . The linking of animal models to crop and pasture models was the initial step in accounting for the resource competition between different organisms within an APSIM simulation.
Simulating farming systems with APSIM has been of great benefit to agricultural production in Australia (Carberry et al., 2009a; Hochman et al., 2009 ) and in developing countries (Komarek et al., 2012; Lisson et al., 2010) as it has encouraged new developments, APSIM-ORYZA (Gaydon et al., 2012a (Gaydon et al., , 2012b , APSIMOil Palm , and partnerships (Rosenzweig et al., 2013) that require the development of new capacity.
A success of APSIM is how it has helped researchers, farmers and consultants learn about their system (Carberry et al., 2009b ) and more importantly identify how managing farm resources can improve production and profit (Murray-Prior et al., 2005 ). An increased understanding of the farming system has evoked new questions, which in turn, initiated further development within APSIM. The importance of stored soil water in rain-fed farming systems stimulated studies into the cost of lost grain by poor weed control in summer fallows (Hunt and Kirkegaard, 2011) and via the intercropping module (Carberry et al., 1996) competition between crops. A result has been the development of specific weed modules and competition studies (Deen et al., 2003; Robertson et al., 2001) . The development of seed bank population models extended this work to investigations of the relationship between management and crop growth on the weed population. Initially, the seed bank models were constructed within APSIM's manager language (Grenz et al., 2006) but as the problem space became more complex alternatives were investigated.
A second seed bank model was developed in the visual modelling framework Vensim ™ and linked to APSIM to evaluate farm management strategies to reduce weed seed banks (Smith et al., 2005) . The Vensim-APSIM seed bank model was successfully used to investigate weed resistance in Australian rain-fed farming systems (Thornby and Walker, 2009; Thornby et al., 2010) . However, the underlying structure of the Vensim ™ seed bank model constrained this research, because of restrictions on the number of cohorts available, preventing it from modelling all the possible weed cohorts with their different genetic heritage positioned at different layers within the soil. A conclusion from these studies was that when trying to combine agro-ecological models with population models a degree of compromise was required, either on the side of the agroecological model or the population model. DYMEX (Sutherst and Maywald, 1998 ) is a detailed climatedriven, process-based, population cohort modelling framework. DYMEX has been used to model biotic constrains within agroecosystems, specifically insects (Yonow et al., 2004) , diseases (Lanoiselet et al., 2002; White et al., 2004) and weed populations. A union between DYMEX and APSIM would provide a method to efficiently and generically integrate population models within the APSIM framework, reduce the current compromises (limited cohorts) and so make a further step in the transition of APSIM from a cropping systems to an agro-ecological model. This paper will briefly summarise the key features of APSIM and DYMEX, describe how the generic communications framework underpinning APSIM has been used to couple the two models and to demonstrate the application of this coupled model using interactions between stripe rust (Puccinia striiformis Westend) and wheat as a case study. The case study will highlight the aim of the DYMEXeAPSIM link and how it can be used to model the affect of an increasing pest population (rust) on the growth and development of the crop (reduced leaf area).
2.
Linking a generic population model to a generic agroecological model
The Agricultural Production System Simulator (APSIM)
The APSIM framework enables biophysical and management models to connect and interact. The success of these connections is a result of the development of the CMP that APSIM uses as the communications infrastructure, that allows models constructed in different software languages to communicate . For a more detailed description of APSIM its function, design and the models available see Holzworth et al. (2014) and the earlier paper of Keating et al. (2003) .
DYMEX
DYMEX is a software package for building and running multicohort population models. Its original objective was to enable the building of mechanistic, process-based population models without the need for computer programing expertise (Sutherst et al., 2000) . The package is divided into two parts, the model builder and the simulator. The builder allows the construction of the model from individual component modules, processes, and functions. The central component of a DYMEX model is the "lifecycle", which is composed of life stages though which each individual passes during its life (Maywald et al., 2007) . All other modules and components exist to support the lifecycle. The builder itself uses a visual construction approach and libraries of pre-built modules and functions to simplify model construction.
The simulator is the second half of the DYMEX package. It allows models constructed in the builder to be processed. The simulator has two roles, firstly an engine that executes models that have been constructed in the builder, and secondly, a graphical user interface that allows parameters to be adjusted and outputs to be reported as graphs and tables.
DYMEXeAPSIM link
To create a link between DYMEX and APSIM, the DYMEX simulation engine was incorporated into APSIM. This technically integrated approach (Knapen et al., 2013) was chosen over the alternatives (incorporating an APSIM simulation into the DYMEX simulator or writing a separate piece of linking software) for two reasons: firstly, this approach enables multi-point models (the ability to simultaneously simulate multiple points in space and the interactions between them, thus allowing the simulation of weed patch dynamics or disease movement between points) that link agro-ecological and population sub-models and secondly, the input and output facilities in APSIM are more suited to running and interpreting detailed biophysical models. A software interface to the DYMEX simulation engine (without its graphical user interface) was developed to implement DYMEX as a CMP-compliant component (Moore et al., 2007) . Because APSIM simulations use the CMP, the DYMEX component executes with the rest of the APSIM simulation, it accepts information from other modules in the simulation (e.g. weather data drawn from standard APSIM climate files) and sends information (e.g. rust lesion growth) to other models ( Fig. 1 ). The component interface was written to allow any model constructed with the DYMEX builder to be linked into APSIM.
Because DYMEX conceives of a population of organisms as a series of cohorts each of which can be in different life stages, the data structures used in DYMEX are complex. In the case study below, this information needed to be "unpacked" and transferred to the APSIM-Plant component, which deals in simpler data types. As a temporary measure, the APSIM-Plant component (the crop model in APSIM) was left unmodified and a script was written in the GRAZPLAN management component referred to as the CPI manager (the manager language used in the GRAZPLAN modelling framework) (Moore et al., in this issue) to perform the translation task.
Converting an existing DYMEX model to run in APSIM or to create an APSIM-enabled model from scratch requires three steps. Firstly, a DYMEX model is built in the DYMEX builder and the variables being shared with APSIM are defined. Secondly, the model is tested in the DYMEX simulator. Thirdly, the DYMEXeAPSIM component is included within an APSIM simulation and directed to use the DYMEX text file created by the DYMEX builder. The variables being exchanged between APSIM and DYMEX are defined in the CPI management component so they can be queried or set at the correct time during a daily simulation cycle. Once connected, the DYMEXeAPSIM component will display and allow modification of all writeable DYMEX variables. Further development of the DYMEX model can occur in the DYMEX builder and this will be updated within APSIM, allowing a linked DYMEX model to be built and tested.
3. Case study impact of stripe rust on wheat crops
Introduction
An existing DYMEX model constructed to simulate the interactions between P. striiformis and wheat (White et al., 2004) was selected to test the DYMEXeAPSIM link. This model had two lifecycles: one for wheat, which was based on a FORTRAN model developed for north western Victoria, Australia (O'Leary et al., 1996) and one for P. striiformis (White et al., 2004) . To test the DYMEXeAPSIM link we replaced the DYMEX-wheat lifecycle with APSIM-wheat. This case study outlines the process of connecting the wheat and stripe rust models and compares modelled output between the original DYMEX model and the new APSIM linked model. The new model was then used to simulate a four year stripe rust trial run in Wagga Wagga and Yanco, NSW Australia (Ellison and Murray, 1992) .
Linking the DYMEX stripe rust model and APSIM
Wheat leaf area index (LAI) was the primary variable that linked the DYMEX model and APSIM. APSIM provided leaf area from the wheat model and DYMEX modelled the lifecycle and population dynamics of rust that was fed back to APSIM as a reduction in the green leaf area. Only the LAI was sent between the two models on receiving the new LAI from DYMEX the CPI-Manager would calculate a new reduced green leaf value and increased senesced leaf value for APSIM to start the next day.
Some other modifications were required to enable the DYMEX model to run within the APSIM framework. The original stripe rust model used a daily humidity value provided in the DYMEX climate file to calculate leaf wetness. APSIM climate files do not provide this value and humidity was calculated within DYMEX from vapour pressure using the DYMEX-weather module (Fitzpatrick, 1963; Sands and Hughes, 1976) .
No other changes were made to the stripe rust model described by White et al. (2004) . This model consisted of a life cycle divided into three life stages; 1. Spores: Spores were continually present, migrating in every day and ensuring the chance of infection was always present. Spores progressed to the infection stage if there was leaf area present, temperatures were within the correct range and greater than 1.6 mm of rain had fallen in a day. 2. Infection: Spores transferred to the infection stage underwent a period of development to simulate penetration of the leaf surface. The rate of infection responded to daily temperatures above a 5 C threshold. Low relative humidity and the resistance rating of the wheat cultivar affected mortality during the infection stage. 3. Lesions: Growth of lesions occurred at a predefined rate depending on the resistance rating of the cultivar (Luo and Zeng, 1995) and was inhibited by the ratio of available uninfected leaf area. The total area of lesion determined the propagation of the infection with spores produced at a rate of 200 uredospores per mm 2 of lesion area per day (Emge et al., 1975) .
Comparison of lesion area and the proportion of leaf diseased between the two models were used to assess the success of the APSIM linked model. The sensitivity of the rust resistance parameter, the influence of daily migrating spore concentrations and the sensitivity to environmental conditions for the DYMEXeAPSIM linked model were also examined. Following this testing the results of a four year stripe rust trial run in Wagga Wagga and Yanco, NSW Australia (Ellison and Murray, 1992) was used to test the value of the linked modelling system. No soil water measurements or final yields were reported by Ellison and Murray (1992) so estimates were made based on long-term simulations and discussions with local farmers and consultants. The varieties used in the experimental work are no longer grown and are not available in APSIM, so alternatives with similar phenological development were used within the APSIM simulation (Table 1) .
3.3. Case study results and discussion 3.3.1. A comparison of the DYMEX Wheat-Rust model and the DYMEX-APSIM linked model A comparison of the two models (Fig. 2a) showed similar results with some slight differences that could be observed due to differences in the timing of events. APSIM calculates LAI at the end of the day so the DYMEX rust model received this LAI value the following day causing a slight difference in the timing of lesion development.
Modelled lesion growth was similar when the model was run in APSIM and in DYMEX. However, the proportion of leaf diseased was different (Fig. 2b) . This is not a failing of the DYMEXeAPSIM link but rather a consequence of the difference in the way the O'Leary model (O'Leary et al., 1985) and APSIM-Wheat calculate leaf area once grain filling has commenced. Despite this difference, the total leaf area infected with rust is similar, though the timing of peak infection is different. A regression analysis between sowing and grain filling for the two outputs highlights the similarities between the two models with both lesion area and proportion of leaf diseased lying close to the 1:1 line. The regression equation for lesion area was y ¼ 1(s.e. ¼ 0.004)x þ 0.2(s.e. ¼ 0.06), R 2 ¼ 0.99, P < 0.0001, RMSD ¼ 4.5 and the proportion of leaf diseased was
The aim of the DYMEXeAPSIM link was to capture the influence of the DYMEX model on the growth and development of the APSIM-wheat model. The rust model combined crop leaf area and population growth of the rust to produce lesions on wheat leaves that effectively reduced the green leaf area of the crop (Fig. 3) . Significant reductions in the leaf area index of the wheat cultivars that were very susceptible to rust (VS) demonstrate the feedback from the DYMEX model to the APSIM-wheat model.
The feedback between the two models was demonstrated further when the sensitivity to initial inoculum was tested (Fig. 4) . Increasing the concentration of daily migrating inoculum reduced the crops leaf area index when conditions for rust development were high and the wheat variety was very susceptible.
Likewise, the sensitivity of the two models to different seasonal conditions can be observed in the different leaf area responses from five contrasting seasons (Fig. 5) . The first two seasons (1984e1985) showed moderate to low levels of disease with the resistant treatment producing a similar result to the no disease control and only the very susceptible treatment showing a reduction in leaf area. The 1986 season had poor conditions for disease development with no difference between the three treatments. The 1987 season experienced good conditions for disease development and both the resistant and very susceptible treatments lost leaf area, when compared to the no disease control. The final season (1988) shows the sensitivity of the rust model to climatic conditions. In this season a short period of favourable conditions caused a large number of spores to infect the leaves and commence producing lesions, however, before sporulation could occur a prolonged period of low humidity killed the lesions resulting in both the resistant and susceptible treatments having a similar leaf area. This low humidity period prevented the very susceptible treatment experiencing the high disease levels caused by repeat (polycyclic) infections of the plants. Had this low humidity period not occurred the results would have been similar to the previous season (1987, Fig. 5 ).
Observed data modelling
The experiment of Ellison and Murray (1992) assessed wheat cultivars with different rust resistance for percentage rust development. Their work was conducted over four seasons (1984e1987) at two sites, and in two years had both early and late sowings (1986, 1987) . The 1984 and the 1987 seasons had major rust development on all cultivars while rust development in the 1985 and 1986 seasons varied. The Yanco site developed moderate to high rust levels in 1986 but in 1985 and at Wagga Wagga for both seasons the rust development was low. Their work used the model of Dennis (1987) to calculate the probability of infection and found the 1985 and 1986 seasons had the highest probability of infection, despite having the lowest development of disease. Their experiments relied on wind borne spores for infection in all years, however, infected plants were transplanted to both sites in 1986 to ensure infection occurred.
The DYMEXeAPSIM linked model simulation of the high infection years (1984 and 1987) gave an adequate level of prediction. The model was able to initiate infections and generally grew rust populations that reduced the leaf area of the wheat plant to a similar level as those observed in the field. However the model tended to under predict the leaf area reduced by rust (Fig. 6) .
The low disease years 1985e1986 were not simulated well by the model. Specifically, when the incidence of infection was less than 5%. The majority of observed treatments that were scored as low infection (<5% infection) occurred when the model produced moderate to high infections. This suggests that the model does a good job of the growth and development of rust, but needs work on predicting initial infection especially when the incidence is low. This is a similar result to White et al. (2004) who also simulated moderate to high levels of diseased leaf in these low infection years. An explanation for this result could be the assumption in the model that inoculum is always present with 30,000 spores migrating into the system everyday. If the inoculum levels were low in the years that rust did not develop, then this may explain the discrepancy between the observed and predicted results.
The DYMEX-rust model has had limited development and testing, but has been valuable to highlight the DYMEXeAPSIM link and the feedback between the two models. Future development of the rust model should examine the methods to supply inoculum, and reducing migrating inoculum once an infection has occurred. The mechanisms for infection and lesion development, which currently rely on rainfall and humidity calculated from the minimum temperature should also be examined. The use of a sub-daily Table 1 The wheat cultivars used by Ellison and Murray (1992) and their resistance ratings and the varieties substituted in APSIM with the DYMEX resistance score. Wheat variety substitution was based on phenology and selections were based on similar alleles for photoperiod and vernalisation as presented by Eagles et al. (2009 
Discussion
This case study provided an example of how linking DYMEX to APSIM has increase the potential for new investigations of agroecological systems than by using APSIM alone. Although the DYMEX rust model had limited ability to predict the proportion of disease in all of the years examined, we demonstrate how to successfully combine such a model within the APSIM CMP framework and change the development of the wheat plant in response to the growing rust population. The polycyclic nature of rust and the high spore production rate (between 10 and 50 thousand per cm) meant there were far more cohorts running in this DYMEXeAPSIM linked simulation than in the seed bank model of Smith et al. (2005) , overcoming one of the main limitations of that model. This highlights the importance of using a population model designed to efficiently run multiple cohorts.
Areas of development for the DYMEXeAPSIM link
This current version of the DYMEXeAPSIM link is sufficient, but as demand for this type of simulation increases, changes to streamline the linking procedure will be needed. Currently it is possible to develop models in the DYMEX builder and test them in APSIM. However, APSIM loads the DYMEX model on opening, so iterative development requires the constant opening and closing of the APSIM simulation. The DYMEXeAPSIM link maps the climate data from APSIM directly to the DYMEX model, a future development of allowing other APSIM models to directly map to DYMEX will improve efficiency and avoid the two-stage step of using the manager script as an intermediary when transferring information between the models. These criticisms may seem minor, but the combining of DYMEX and APSIM currently requires a detailed knowledge of both models, so any efficiency gained by improving the mechanics of the linking operation will simplify the process.
Increasing complexity by combining population models and agro-ecological models
The combination of cropping systems models and biotic constraint models, be they population type models or static models, has previously been a compromise. Cropping systems models like APSIM have used simple disease or weed models (Chauhan et al., 2008 (Chauhan et al., , 2010 Grenz et al., 2006) while detailed process-based mechanistic population models, built with modelling tools like DYMEX, have made compromises in order to simulate the crop or soil components of the farming system (Kriticos et al., 2003; White et al., 2004; Young et al., 2002) Complexity, difficulty of parameterisation and the required detailed knowledge of the system are reasons for not combining detailed process based systems models with processed based population models (Colbach, 2010) . However, the use of system frameworks such as APSIM, to supply farming system information, has eased the difficulty of parameterisation, simplifying the linking of these models. Once linked, the option for conducting in silico experiments as described by Colbach (2010) becomes a reality.
The point scale resolution of this linked model will be a limitation for migratory biotic constraints or when simulations move beyond the field, to the farm, catchment or region scale. However, with APSIM's multipoint capability, new cluster computing or an approach that uses these linked models to inform and develop meta models (Colbach, 2010) such as those used in catchment modelling (Golden et al., 2010; Norton et al., 2012) this DYMEXeAPSIM link will help develop an increased understanding of the pest-farming system.
Agro-ecological models and increased complexity
The APSIM Initiative has enabled APSIM models to work across domains from the farmer to researcher (Carberry et al., 2009a) . The key to this success is the delivery of specific information to each of these groups. Will this diverse user base continue when different population models are combined? One concern is the fundamental difference between the models comprising the farming systems frameworks and population models. The crop and soil models within frameworks like APSIM generally conserve mass (i.e. they attempt to maintain a mass balance) and are, therefore, constrained within defined limits that enable the system to be naturally reset at the end of the season. Population models, especially of weeds and pathogens, have the ability to become unstable if mortality triggers are not fully understood as population growth is often exponential, thus estimating population specific values is difficult. This is why probabilistic outputs are generally favoured for population models, compared to deterministic single value outputs used by crop and water balance models. However, this difference may provide a point of discussion, and the linked model a platform for collaboration between weed/ pest modellers and crop modellers. Allowing the transfer of information between the models and the two research groups.
The combining of detailed population models with crop models highlights the need for more knowledge on the pest crop interaction. Historically, when simple leaf area or phenology models were used to provide substrate for pest populations, the feedback of population growth on crop development was of little importance. However, to successfully link pest, crop and soil models, the mechanisms with which the pest damages the crop must be understood. If this mechanism is described correctly then the mass balance of the models can be maintained.
Future directions
The rust case study described was selected because it highlighted how an existing DYMEX model could be successfully linked to APSIM. As a result of this linking, new DYMEX models focussing on less transient diseases (Crown Rot, Fusarium pseudograminearum, pests (nematodes, Pratylenchus thornei) and weeds (wild radish, Raphanus raphanistrum) are being designed specifically to work with APSIM. Through these models, and the DYMEXeAPSIM link a greater understanding of how farming systems affect pest populations and vice versa will be gained and APSIM will move further towards being an agro-ecological modelling framework.
